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Abstract Strategies are needed to increase the
sustainability of phosphorus (P) fertiliser management in
agriculture. This paper reports on the potential of pyrolysis
treatment to recycle P from renewable materials previously
regarded as wastes. The study used K-edge X-ray
absorption near-edge structure (XANES) spectroscopy to
examine chemical forms of P in the waste feedstock
materials and corresponding biochars (pyrolysis at
480–500 C) of four ligno-cellulosic, plant-based residues
and five relatively P-rich livestock and water-treatment by-
products, to acquire information on changes in potential P
fertiliser value. Pyrolysis enriched P in the biochars by
factors of 1.3–4.3, thus offering wide-ranging P fertiliser
potential. XANES spectroscopy revealed hydroxyapatite
(HAP) as one of the dominant chemical P compounds in
the feedstocks, ranging from 14% (rice husks) to 98%
(animal bone) of total P. For most materials, pyrolysis
increased the proportion of HAP, and pyrophosphates were
generated in several cases. These alterations possibly lead
to diversity in the P solubility characteristics of the
biochars if used as soil amendments; this is an important
property of environmentally sound P fertilisers.
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INTRODUCTION
Inefficient methods of production, distribution and use of
refined fertiliser phosphorus (P) for modern agriculture
pose serious threats, not only to the aquatic environment,
but also to global supplies of phosphate rock—the non-
renewable raw material used for the vast majority of P
fertiliser manufacture (Jarvie et al. 2015; Withers et al.
2015). Strategies for increasing the sustainability of P
management in agriculture include recycling P from
renewable materials previously regarded as wastes
(Schroder 2005; Le Corre et al. 2009).
Current and potential sources of biomass for recycling P
generally fall into one of the two categories: relatively
P-enriched bio-waste (e.g. livestock manures and bone,
municipal biosolids, anaerobic digestates and composts) or
high C-containing, plant-based, ligno-cellulosic materials
(e.g. wood, grain husks, nut shells) (Oenema et al. 2012).
Compared with bio-wastes, the stable C content and high
C:P and C:N ratios in ligno-cellulosic biomass render many
of the latter unsuitable for fertiliser use. However, some
plant-based residues (e.g. grains and grasses) have rela-
tively high-mineral contents. For example, Amonette and
Joseph (2009) report ash contents of rice husks as high as
24% by weight. These reports warrant further investigation
into the P recycling potential of plant-based biomass.
In recent years, thermal treatment (e.g. pyrolysis) of
biomass has emerged as an environmentally and econom-
ically sustainable waste management option (Hossain et al.
2011; Huang and Tang 2015). Benefits include the pro-
duction of renewable and environmentally benign energy
from locally available raw materials, and a reduction in the
contents of water and environmental contaminants whilst
retaining and concentrating the nutrient content of the solid
by-product, biochar (Chan and Xu 2009; Wang et al. 2014).
Biochars free from harmful levels of contaminants have
long been added to agricultural land as safe and effective
soil amendments (e.g. Hussain et al. 2016). Several studies
have explained increases in the fertility of amended soils
with respect to the carbon and fertiliser nutrient status of
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the biochar, both in relation to the feedstock type and
pyrolysis conditions (e.g. Chan and Xu 2009; Wang et al.
2014). For example, significantly depending on the feed-
stock and solid residence time, low-to-moderate pyrolysis
temperatures (400–500 C) can favour the accumulation of
potentially useful proportions of plant available P, among
other macronutrients (Bourke et al. 2007; Chan and Xu
2009; Morales et al. 2013). However, relatively little is
known about the effect of pyrolysis on the chemical forms
of the P in the feedstock. Huang and Tang (2015) con-
cluded that P speciation in biochars derived from a variety
of treated sewage sludges was influenced by the pyrolysis
conditions. Similar findings have been drawn from studies
on the pyrolysis of plant and manure biochars (e.g. Zheng
et al. 2013; Uchimiya and Hiradate 2014; Wang et al.
2014). Nonetheless, there is still a lack of fundamental
knowledge regarding the extent to which P chemistry is
changed by thermal treatment. This information underpins
the potential P fertiliser value of the biochar and, therefore,
would inform appropriate recommendations with respect to
rate, frequency and timing of application to land.
Synchrotron-based X-ray absorption near-edge structure
(XANES) spectroscopy has successfully been used to study
P chemistry in bio-wastes and soils (Shober et al. 2006;
Hesterberg 2010; Negassa et al. 2010). The P K-edge
XANES can identify crystalline, poorly crystalline and
amorphous forms of Ca-, Fe- and Al-bound P compounds
(Hesterberg et al. 1999; Shober et al. 2006). Depending on
data quality and representativeness of the P standards, the
technique can also discern some organic P chemistry in
environmental samples. However, the lack of distinct fea-
tures in XANES spectra for many standards often hinders
this ability (Peak et al. 2002; Toor et al. 2006).
There are only a few reports on the use of XANES
spectroscopy to discern the transformation of P forms in
biomass materials during pyrolysis (Zwetsloot et al. 2014;
Bruun et al. 2017). The objectives of the present study were
to use this analytical technique to systematically identify
and quantify the major forms of P in a range of plant-based
and bio-waste materials as well as in their biochars derived
from pyrolysis treatment. The goal of the research was to
provide a critical evaluation of pyrolysis as a treatment for
enhancing and standardising the potential P fertiliser
replacement value of diverse biomass materials.
MATERIALS AND METHODS
Sample collection and preparation
Nine biomass feedstocks and their derived biochars (18
samples in total) were selected for characterisation and P
analysis. Four of the feedstocks were plant-based materials:
wetland reed (Phragmites australis L.) [REED]; rice husks
(Oryza sativa L.) [RICE]; acacia bark (tree species
unknown) [ACAC]; and cocoa prunings (Theobroma cacao
L.) [COCA]. The other five materials comprised bio-
wastes: animal bone [BONE]; poultry manure [POUL]; pig
slurry [PIG], and two anaerobically digested, municipal
sewage sludges [SLDG and BIOS].
The reed samples were delivered by a local farming
company in Mecklenburg-Vorpommern, Germany. To
facilitate handling, the long fibres were shredded and pel-
letised. The rice husks were collected from Indonesia, and
the acacia bark and cocoa prunings (young shoot cuttings)
from small-holder, agro-forestry operations in Namibia and
Ecuador, respectively. Defatted animal bone chips (C-
quality, size 2–5 mm) were purchased from Sonac Ltd.
Vuren, Netherlands. The poultry manure was obtained
from a broiler chicken farm in Vilnius, Lithuania. The pig
slurry, obtained from a swine unit in the Netherlands, was
membrane-filtrated to a dry matter content of 97.8% (w/w).
Samples of anaerobically digested, dewatered, and condi-
tioned sewage sludges were collected from municipal
wastewater treatment centres in Germany (Hohenburg,
Bavaria, Germany) (SLDG) and the UK (Reading, UK)
(BIOS). All materials were pyrolysed in industry-scale
installations under N2 flow, between 480 and 500 C, with
solid residence times of between 10 and 20 min (M.E.E.
EREKA and EPI Bioreactors, Germany and UK).
A portion of each feedstock and biochar sample was
dried at 60 C overnight and ground to pass a 0.5-mm
screen using a stainless steel mill, in preparation for ele-
mental analysis in triplicate and XANES spectroscopy.
Elemental analysis
Total C and N were determined by a CN analyser (Vario
EL III; Elementar Analysensysteme, Hanau, Germany),
and total P, Ca, Mg, Al, Fe, Na and K by inductively
coupled plasma optical emission spectroscopy (ICP OES)
(JY 238 UL Trace, France) after microwave-assisted
digestion in concentrated nitric acid and 30% hydrogen
peroxide (USEPA, 1996).
XANES spectroscopy
Twenty-eight reference standards were selected for the
XANES spectroscopy, based on the prospect of their
existence in the feedstock and/or biochar materials, and on
their frequent publication in the relevant literature
(Hesterberg 2010; Ingall et al. 2011). Mineral standards
included Ca- (n = 4), Mg- (n = 3), Al- (n = 2), Fe-
(n = 1), Na- (n = 2), K- (n = 4) and NH4-P (n = 2) forms;
sorbed phase standards included Fe oxides (n = 1) and Al
oxides (n = 1), and organic P standards included
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phospholipids (n = 2), nucleotide phosphates (n = 3),
phytates (n = 1) and phosphonates (n = 2). See Appendix
S1 for further information.
The P K-edge XANES spectra were recorded at the
Canadian Light Source (CLS) in Saskatoon, Saskatchewan,
Canada, on the Soft X-ray Micro-characterisation beamline
(Hu et al. 2010). A small amount of sample was uniformly
applied to P-free, double-sided carbon tape, attached to a
stainless steel sample holder before insertion into the X-ray
absorption chamber. Spectra for all samples and reference
standards were recorded in total electron yield mode at
photon energies between 2121 and 2200 eV for the P K-
edge. Step sizes were 0.5 eV (2121–2140.5 eV), 0.15 eV
(2140.65–2162.4 eV) and 0.5 eV (2162.5–2200 eV) and
the dwell time 4 s (samples) and 1 s (reference standards).
For each sample, at least two scans were recorded and the
sample holder position was changed after each scan so that
the beam always hit a ‘fresh’ sample spot. Subsequent data
treatment and evaluation such as spectra averaging, back-
ground correction and normalisation to an edge-step of one
were done using the ATHENA software package (Ravel
and Newville 2005). The spectra were normalised by fitting
a cubic spline function to the post-edge and a linear
baseline to the pre-edge region. For consistency in the
subsequent linear combination fitting (LCF) analysis, all
spectra (both for the references and samples) were nor-
malised within the same range. The LCF, in the range
between 2140 and 2190 eV, was performed on the samples
using all possible binary to quaternary combinations of the
above 31 P reference standards. No energy shift was
allowed during the fit. Goodness of fit was evaluated using
the residual factor (R-factor) generated by the LCF tool in
ATHENA.
RESULTS AND DISCUSSION
Elemental composition of materials
Feedstocks
The reeds, rice husks, and cocoa prunings have mineral
contents substantially higher than those of the woody
acacia material (Table 1). The relatively sparse mineral
concentrations in the acacia bark are typical of woody
feedstock. Total P, by weight, in the plant-based materials
ranges from 0.3 (acacia bark) to 1.1 g kg-1 (cocoa prun-
ings). The P contents of the reed, rice, and cocoa samples
are similar to previous reports (e.g. Zheng et al. 2013; Gao
et al. 2015); the relatively high P content of the cocoa
prunings possibly reflects recent P fertiliser history. Com-
pared with the plant materials, the lower C and predomi-
nantly higher mineral contents of the bio-waste feedstocks
reflect the high-mineral diets of animals and humans. Total
P ranges almost by an order of magnitude, from 13 to
104 g kg-1, decreasing in the order: bone[BIOS sewage
sludge[pig slurry[SLDG sewage sludge[poultry
manure (Table 1).
Biochars
Generally, the C and mineral contents of the biochars
follow approximately the same orders as those for the
feedstocks (Table 1); this common trend reflects the close
dependency of biochar properties on the composition of the
feedstock (Verheijen et al. 2010). Relatively high-mineral
containing grass, grain husks, straw residues and manures
generally produce biochar with high ash contents, in con-
trast to that from woody feedstocks (Demirbas 2004). For
instance, some manure (e.g. chicken litter) and sewage
sludge (e.g. Al-treated biosolids) biochars can contain as
much as 50 and 5% (by weight) ash and P, respectively
(Amonette and Joseph 2009; Wang et al. 2012). For all of
the plant-based materials, the C content of biochar is higher
than that of the source feedstock (Table 1). This increase in
concentration is attributed to pyrolysis removing a con-
siderable mass of material in the form of volatiles (e.g.
hydrocarbons, H2, CO and CO2), and leaving behind a
Table 1 Elemental composition (g kg-1) of the biomass feedstocks
and their derived biochars
Sample C N P K Ca Mg Fe Al
Plant-based
REED 413 9.9 0.7 7.3 3.6 0.9 0.2 0.1
REED-B* 546 14.6 3.0 24.2 13.8 3.3 6.6 1.2
RICE 381 4.0 0.6 1.9 1.1 0.4 0.2 0.2
RICE-B 495 7.7 1.6 4.6 3.7 1.2 2.1 1.2
ACAC 496 8.9 0.3 2.9 24.7 2.1 0.4 0.1
ACAC-B 681 10.6 0.4 1.6 27.2 2.1 0.5 0.5
COCA 453 5.3 1.1 6.3 2.6 1.6 0.8 0.1
COCA-B 633 6.5 2.4 19.2 6.0 2.7 2.2 1.4
Bio-waste
BONE 178 50.5 104 1.3 195 4.1 0.1 0.0
BONE-B 104 18.6 130 1.9 238 5.5 0.1 0.1
POUL 347 44.6 12.6 17.9 60.1 6.4 1.0 0.1
POUL-B 311 28.1 35.3 49.1 132 17.5 2.2 0.4
PIG 378 26.9 20.4 13.7 25.1 13.1 5.6 0.9
PIG-B 381 22.8 51.1 30.3 56.7 33.0 15.9 2.5
SLDG 342 53.4 15.8 3.8 27.1 6.0 11.0 17.7
SLDG-B 226 17.8 28.6 6.4 48.9 9.8 20.7 26.4
BIOS 399 34.5 24.3 1.3 19.9 3.3 4.3 1.9
BIOS-B 382 19.0 60.0 3.4 40.9 9.5 11.6 9.9
-B* denotes biochar derived from pyrolysis of the feedstock
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stable matrix of largely aromatic C (Baldock and Smernik
2002; Demirbas 2004). During thermal degradation of the
plant biomass, N content vaporises at relatively low tem-
peratures, after peaking at around 300 C (Baldock and
Smernik 2002). Conversely, due to increased stability, P, S
and most metals vaporise at temperatures that are consid-
erably higher; e.g. P at around 1000 C (Zhang et al. 2012).
Similar processes occur during the pyrolysis of the bio-
waste materials; however, the higher proportions of labile
C and N in bio-wastes relative to those in plants explain the
thermally induced decreases in these parameters (Table 1).
For all materials, the differential vaporisation of elements
during pyrolysis explains why P is retained and becomes
concentrated in the biochars. Indeed, such was the con-
centrating effect in the reed, rice and cocoa biochars, that
the total P contents of these three materials reached values
(1.6–3 g kg-1) comparable with those of green waste
compost (Chan and Xu 2009).
Phosphorus K-edge XANES analysis of materials
The normalised P K-edge XANES spectra are shown in
Fig. 1 for the plant-based and bio-waste materials and for
their derived biochars. Generally, the signal-to-noise ratios
in the spectra for bio-wastes were higher than those for the
plant materials, consistent with the higher P contents of the
former (Table 1). Pyrolysis did not appear to alter the
signal-to-noise ratio for any of the materials except, per-
haps, for the slight improvement in the bone (Fig. 1b). All
spectra shared a similar shape, with a dominant narrow
peak at around 2152.5 eV (the P absorption edge) followed
by a much broader peak at around 2169 eV (oxygen
oscillation). Descriptions of diagnostic features of P K-
edge XANES spectra for all phosphate standards used in
this study can be found in Hesterberg (2010) and Ingall
et al. (2011). Overall, XANES spectra for only 7 of the 28
standards evaluated yielded the best linear combination fits
to the spectra of the samples (Table 2).
The range of R-factors in Table 2 was comparable with
those of other recent publications with LCF of P K-edge
XANES spectra (e.g. 0.0009–0.123 in Kruse et al. 2010;
0.0006–0.022 in Prietzel et al. 2016) based on different
P-reference compounds and recorded at different beam-
lines. However, P standards that accounted for less than 5%
of total P are deemed unreliable, reflecting the limitations
of the XANES and LCF procedures. For each material,
comparisons are shown between the measured and LCF-
derived spectra (Fig. S1).
Plant-based materials
In general, the combination of P standards yielding the best
LCFs for the plant materials were hydroxyapatite (HAP), P
sorbed to Fe oxides, and ATP (Na salt) (Table 2).
Hydroxyapatite was identified by LCF as the dominant P
form in the reed. The spectra of the reed feedstock and
corresponding biochar displayed a prominent post-edge
shoulder at around 2154.5 eV [Fig. 1a: line (i)], charac-
terising calcium phosphates. Whilst evident, the equivalent
feature is weaker for the other plant spectra, reflecting
lower contents of HAP (Table 2). The prominence of the
HAP reflects the fundamental importance of Ca in plant
cellular metabolism, whereby Ca-bearing minerals com-
prise as much as 50% of known biominerals, with
approximately half in the form of calcium phosphates
(Weiner and Dove 2003). Weiner and Dove discuss in
detail the abundance of carbonate-substituted HAP in
biological material, but note that there is no evidence for
the biological formation of the non-carbonated form. On
the contrary, a combination of X-ray powder diffraction
(XRD), thermal analysis and Fourier transform infrared
spectroscopy (FITR) has identified non-substituted HAP as
Fig. 1 Stacked normalised P K-edge XANES spectra of the biomass
feedstocks and their derived biochars (-B): a plant-based and b bio-
waste materials. Sample identification is explained in the ‘‘Materials
and methods’’ section
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a significant inorganic constituent of some plant species
(Shaltout et al. 2011). The LCF was unable to distinguish
between substituted and non-substituted forms of HAP in
the current study.
Among the plant-based feedstocks and biochars, there
was no clear suggestion of a pre-edge peak (around
2149 eV) in the P K-edge spectra (Fig. 1a); this points
towards a lack of evidence for precipitation of non-crys-
talline or crystalline Fe phosphate minerals (Hesterberg
et al. 1999; Shober et al. 2006). Nonetheless, Fe-bearing
minerals comprise approximately 40% of biominerals
(Weiner and Dove 2003); many of these exist as a variety
of oxides, hydroxides and hydrous oxides—all charac-
terised by a strong affinity to sorb P. A further possible
explanation for the Fe–P phases is contamination of the
plant materials with attached soil or dust particles.
The LCF indicated that ATP (Na salt) was the only
organic P form in the plant-based materials and their bio-
chars (Table 2). Whilst it is likely that ATP does exist in
the feedstocks, it is well known that the XANES spectra of
organic P reference compounds lack distinguishable pre- or
post-edge features (Peak et al. 2002; Shober et al. 2006);
this renders organic P speciation difficult (Toor et al.
2006). As such, it is likely that the ATP is represented in
unrealistically high quantities in the feedstocks and prob-
ably comprises additional organic polyphosphates also,
such as phytic and nucleic acids.
As expected, the proportion of total P as organic P (al-
beit poorly characterised) in all four plant-based samples
decreased following pyrolysis. This loss at moderate
pyrolysis temperatures can be attributed to the cleaving of
organic P bonds in the feedstocks, and has been demon-
strated by others, using 31P-NMR spectroscopy; for
example, Uchimiya and Hiradate (2014) reported a major
decline in phytate from residues of cotton seed hull upon
pyrolysis at around 350 C. It is speculated that the per-
sistence of the ATP signal following pyrolysis is due in
part to the formation of inorganic polyphosphates. For
three of the four plant materials (reed, rice, and acacia), the
proportions of HAP increased markedly with pyrolysis;
indeed, according to the LCF results, estimates in the
biochars of rice and acacia doubled those in the corre-
sponding feedstocks (Table 2). While some workers have
claimed that the removal of organic matter by combustion
(e.g. calcination) is necessary to thermally form crystalline
HAP in plant biomass, the current findings appear to agree
with Zheng et al. (2013) who reported increases in
Table 2 Relative proportions of phosphorus standards that provide the best fit to P K-edge XANES spectra of the biomass feedstocks and their
derived biochars according to linear combination fitting. Values\5% are deemed unreliable
Sample Hydroxyapatite AlPO4xH2O FePO4xH2O Mg2O7P2 Na2HPO4xH2O P sorbed to
Fe oxides
ATP (Na salt) Goodness-of-fit
(R factor)
Plant-based
REED 39 – – – – 26 35 0.010
REED-B* 53 – – – – 41 6 0.013
RICE 14 – – – – 42 44 0.014
RICE-B 28 – – 7 – 38 27 0.008
ACAC 19 – – – – 27 54 0.011
ACAC-B 37 – – – – 47 16 0.004
COCA 30 – – – – 51 19 0.014
COCA-B 24 – – 38 – 31 7 0.009
Bio-waste
BONE 98 – – – – 2 – 0.011
BONE-B 56 – – 44 – – – 0.004
POUL 34 – – – – 14 52 0.003
POUL-B 48 – – 17 – 16 19 0.006
PIG 23 – – – 30 30 17 0.001
PIG-B 26 – – – 33 28 13 0.001
SLDG 25 4 – – – 32 39 0.002
SLDG-B 30 15 – – – 38 17 0.002
BIOS 36 – – 1 – 39 24 0.002
BIOS-B 61 – 19 20 – – – 0.001
-B* denotes biochar derived from pyrolysis of the feedstock
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crystalline forms of Ca- and Mg phosphates following
pyrolysis.
In the case of the cocoa, pyrolysis appears to shift the P
chemistry towards pyrophosphates (Mg2O7P2), at the
expense of all other dominant forms (Table 2). A smaller
increase is observed for the rice. Previous studies on the
pyrolysis of plant biomass at temperatures between 350
and 650 C have observed a dominance of pyrophosphate
in the biochar; this is thought to originate from the
degradation of phytates (Uchimiya 2014; Degenstein et al.
2015).
Bio-waste materials
The LCF results indicated that HAP, P sorbed to Fe oxides,
and organic P (represented by ATP) were dominant in all
but one (bone chips) of the five bio-waste feedstocks
(Table 2). In addition, the pig slurry recorded a substantial
proportion (30%) of hydrated soluble P salt (Na2H-
PO4xH2O) (Table 2).
According to the LCF, as much as 98% of the P in the
bone chips exists as HAP (Table 2), and is characterised by
the permanent post-edge shoulder around 2154.5 eV (line
i), as shown in Fig. 1b. An additional, well-defined calcium
phosphate feature appears around 2163 eV (line ii).
Pyrolysis of the bone appeared to transform almost half of
the HAP to metal pyrophosphate. Given the dominance of
Ca in the bone, it is possible that a portion of total P in the
bone char that was fit as Mg2O7P2 (44%) was actually
Ca2O7P2. Based on the LCF of P K-edge XANES spec-
troscopic characterisation of rendered bones sampled from
the poultry industry, Zwetsloot et al. (2014) reported lower
proportions of HAP (60% of total P) than those estimated
here. Moreover, these workers observed marked increases
in HAP (to as much as 93%) following pyrolysis at tem-
peratures (350–550 C) similar to those applied in the
current work. Further comparisons between the studies are
difficult, primarily due to the absence of pyrophosphate
standards in Zwetsloot et al. (2014), and also the possibility
that the crystallinity of the HAP standards differed between
the studies. The LCF indicated that ATP accounted for as
much as 52% of total P in the poultry manure (Table 2). As
we discussed previously, it is likely that the P estimated as
ATP includes contributions from a broad range of P
polymers. In the case of non-ruminant (e.g. poultry and
pigs) manures, the dominant form is probably phytate.
Phytic acid composes 60–80% of total P in cereals, oilseeds
and legumes that are commonly used in livestock feed. As
such, owing to its poor digestibility, phytic acid can
account for as much as 60% of total P in manures, with
smaller amounts of diester P compounds; e.g. phospho-
lipids and DNA (Shober et al. 2006; Uchimiya and Hira-
date 2014). Similar to its decline in the plant-based
materials, the size of the organic P pool in the poultry
manure decreased markedly with pyrolysis (Table 2), with
the reduced ATP signal (19% of total P) probably com-
prising inorganic forms of polyphosphate. Consistent with
the 31P-NMR findings of Uchimiya and Hiradate (2014),
the majority of the mineralised P at relatively low pyrolysis
temperatures transformed into inorganic orthophosphate
and pyrophosphate; dominant inorganic compounds
appearing in the poultry manure biochar included HAP and
inorganic Mg2O7P2 (Table 2). According to the LCF, P
sorbed to Fe oxides maintained a significant presence,
increasing slightly from 14 to 16% of total P following
pyrolysis (Table 2). However, such small variations could
be assessments of noise in the analysis rather than real
changes, and should be regarded with caution, especially in
view of the relatively poor fit (R-factor = 0.006) for the
poultry manure biochar compared with its feedstock (R-
factor = 0.003) (Table 2; Fig. S1).
In spite of net increases in aromatic C at the expense of
aliphatic groups, this region of pyrolysis temperature is
known to produce labile organic matter that can condense
on the biochar surface (Lu et al. 2013); this organic matter
contains certain hydroxyl groups that may coordinate with
Ca and favour the formation of HAP. It is possible that the
aromatic C fraction stabilises the HAP on the biochar
surface as nano-crystals (Uchimiya 2014). Possible mech-
anisms for the appearance of pyrophosphate in the poultry
manure biochar include the general fragmentation of long-
chain polyphosphates into shorter chains, or the thermal
degradation of phytate to produce orthophosphate that
thermally dehydrates to produce pyrophosphate. Regard-
less of the source, it is possible that the pyrophosphate
becomes stabilised by forming complexes on the biochar
surface (Uchimiya and Hiradate 2014).
In addition to the substantial amounts of HAP (23%) and
polymerised (17%) P in the pig slurry, soluble Na2H-
PO4xH2O accounted for as much as 30% of total P
(Table 2). Similarly, previous workers have reported rela-
tively high concentrations of water extractable P in pig
slurry (Leinweber 1996). Compared with all of the other
materials studied, the pig slurry exhibited relatively little
change in P chemical forms due to pyrolysis. The minor,
apparent decreases in the proportions of sorbed P (2%) and
organically bound P (4%) were matched almost by
increases in HAP and Na2HPO4xH2O (3%). As noted
earlier, such small shifts are probably assessments of noise,
in spite of the relatively confident values for goodness-of-
fit (R-factor = 0.001) (Table 2; Fig. S1). As previously
speculated, the ATP fraction possibly conceals thermal
transformations from organic to inorganic polyphosphates.
Moreover, it is also possible that drying the pig slurry at
60 C transformed the P into forms that remained relatively
resistant to the subsequent pyrolysis.
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The two sewage sludges (SLDG and BIOS) were
dominated, but to different extents, by HAP, P sorbed to Fe
oxides and ATP. A minority (\5%) of P in the SLDG was
precipitated as hydrated AlPO4 (Table 2). These dissimi-
larities occur in spite of the biosolids having received
similar sludge treatment processes, and possibly reflect
differences in composition between the two source
wastewaters. The presence of polyphosphates in both
sludges is explained by the primary process for removing
soluble P (and N and K) from municipal sewage;
prokaryotic accumulation is a microbiological process that
accumulates the P in organic polyphosphate compounds as
intracellular granules (Mehta et al. 2015). Pyrolysis of both
sludges yields an overall increase in metal-associated P at
the expense of organic P, but the transformations differ
between the two materials. The large increase in Ca-P in
the BIOS biochar, relative to that in the SLDG (Table 2) is
evident in the spectrum at around 2163 eV (line ii), as
shown in Fig. 1b. According to the LCF analysis, there is
no longer a presence of adsorbed P on Fe oxides but,
instead a marked appearance of FePO4xH2O (Table 2).
However, the absence of a clear, pre-edge peak in the
XANES spectra questions the validity of this analysis. The
apparent total loss of organic P (from 24% of total P) in the
BIOS feedstock is almost matched by the appearance of
pyrophosphate in the biochar (20%), indicating that the
Mg2O7P2 was derived mostly from the transformation of
intracellular, long-chain polyphosphates. In the case of the
SLDG, no new P compounds are introduced by pyrolysis;
instead, as reflected in the similarity between the two
spectra, all three mineral P forms simply increase, albeit by
different extents (Table 2, Fig. 1b).
Implications for enhancing and standardising P
fertiliser value
In general, pyrolysis of the feedstocks at the moderate
temperature of 480–500 C effected a transformation of the
P content among seven dominant forms (Table 2). In most
cases (rice, acacia, cocoa, bone, poultry manure, and both
sewage sludges), new P compounds were introduced in the
derived biochar; all but one (BIOS sludge) of these seven
instances exhibited an increase in the number of P
compounds.
In three of the four plant materials (reed, rice and aca-
cia), pyrolysis increased the contribution of crystalline
HAP to the total P pool, probably at the expense of organic
P forms. Based on XRD techniques, previous workers also
have reported an increase in crystallisation reactions
involving Ca (and Mg) phosphates in plant-based materials
around 500 C (e.g. Zheng et al. 2013). Whilst HAP has
viable, slow-release P fertiliser potential in acid soils, its
actual dissolution would likely depend on its association
with the biochar C. Relative to other functional groups, the
proportion of aromatic C in pyrolysed biomass increases
markedly at around 400 C (Keiluweit et al. 2010). This
aromatic carbon fraction incorporates significant propor-
tions of P (and N and S) within its ring structure as het-
eroatoms (Bourke et al. 2007). In this state, soil chemical
properties that characteristically drive the dissolution of
sparingly soluble Ca phosphates (acid pH, ionic exchange
and sorption capacities) would have limited physical access
to the P. On the other hand, discrete, nano-sized, Ca–P-
containing crystals have been observed on biochar sur-
faces, where they might be exposed to P dissolution and
desorption reactions in the soil. Moreover, at pyrolysis
temperatures between 400 and 600 C, fresh carboxyl and
hydroxyl C can form in addition to aromatic molecules;
through complex reactions with Ca and Mg, these func-
tional groups can prevent the formation of less soluble P
minerals. A further factor that can influence HAP solubility
is the degree of carbonate substitution in the crystal lattice
(Pan and Darvell 2010); however, the XANES spec-
troscopy was unable to discern any such transformations in
the current study.
In the case of the P-enriched bio-wastes, with the
exception of the bone chips, pyrolysis produced larger
proportions of HAP (Table 2). Perhaps surprisingly for
P-enriched bio-wastes, moderately soluble forms of Ca
phosphate (e.g. monetite, tricalcium phosphate) were not
identified either in the feedstocks of their biochars.
Nonetheless, similar to the case for most of the plant-based
feedstocks, the thermally induced shift in P from organic
forms to HAP (except bone) possibly represents an increase
in slow-release fertiliser value in respect to acid soils.
However, the aforementioned caveats concerning the pro-
tection of P minerals through interactions with aromatic C
in plant-derived biochars also apply to bio-wastes (Uchi-
miya 2014; Uchimiya and Hiradate 2014).
It is likely that the appearance of pyrophosphates in
biochars originated from transformations of phytic acids
and polyphosphates in the feedstocks, or dehydration of
high levels of HAP in the case of the bone. It is important
to note that some metal pyrophosphates have an order of
magnitude higher water solubility than phytates and,
therefore, present potential fertiliser P value. The sub-
stantial, thermally induced shifts to pyrophosphates in the
bone chips, poultry manure and BIOS sewage sludge
possibly equate to increases in fertiliser P value for these
materials. However, this difference might be tempered by
the formation also of less soluble inorganic polyphosphate
compounds (inferred from the persistence of ATP signals
following pyrolysis), and through complex interactions
between pyrophosphates and the ash or aromatic C con-
tents generated during pyrolysis (Uchimiya and Hiradate
2014). As such, research is needed on the relative solubility
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of the HAP, metal pyrophosphate and polyphosphate
components of biochars in different soils.
Following pyrolysis of the plant feedstocks, large but
variable proportions of P remained or became sorbed to Fe
oxides (except cocoa) (Table 2). The association of P with
Fe oxides in plant-derived biochars produced by moderate
pyrolysis temperatures is supported by the chemical
extraction data of Uchimiya and Hiradate (2014). In spite
of the comparatively low P concentrations in the plant
biochars, the P sorbed to Fe oxides may pose a potentially
valuable source of fertiliser P. With regard to the pig slurry
and both sludges, the unusually high proportion of P sorbed
to Fe oxides could make a substantial contribution to these
materials’ fertiliser P value, whereas, as discussed previ-
ously, pyrolysis of the BIOS sludge appears to shift this P
into precipitates of ortho- and pyro-phosphates.
CONCLUSIONS
Generally, ligno-cellulosic feedstock and its derived bio-
char are often regarded as unsuitable for P fertiliser use
owing to limited P content and a high C:P ratio. However,
the total P contents of three of the plant feedstock biochars
(reed, rice and cocoa) were similar to that of green waste
compost. Moreover, in an acid soil, the dominant form of P
in the biochar (HAP) is likely to be more soluble than that
found in green waste compost as well as in the biochar
feedstock (phytate). Hence, for P-deficient, acid soils in
low-input agriculture, some ligno-cellulosic biochars could
be considered as alternative P fertilisers to supplement their
other beneficial effects as soil amendments, for example, in
respect to soil pH, cation exchange and water holding
capacities. Pyrolysis of the P-enriched bio-wastes caused
marked and variable shifts in the relative proportions of
largely insoluble P compounds (HAP, phytates and
pyrophosphates). It is advised that the current observations
using XANES should benefit from additional, comple-
mentary spectroscopic techniques (e.g. 31P-NMR) and
solubility tests (e.g. sequential P fractionation), prior to
direct investigations into the materials’ relative P fertiliser
values through standardised plant bioassays.
Acknowledgements The authors gratefully acknowledge financial
support from the German Federal Ministry of Education and Research
(BMBF) for funding the BonaRes-project InnoSoilPhos (No.
031A558), and from the University of Reading in support of research
leave for JSR. P-XANES was performed at the Canadian Light
Source, which is supported by the Canadian Foundation for Innova-
tion, Natural Sciences and Engineering Research Council of Canada,
the University of Saskatchewan, the Government of Saskatchewan,
Western Economic Diversification Canada, the National Research
Council Canada, and the Canadian Institutes of Health Research.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
REFERENCES
Amonette, J.E., and S. Joseph. 2009. Characteristics of Biochar:
Microchemical Properties. In Biochar for Environmental Man-
agement: Science and Technology, ed. J. Lehmann, and S.
Joseph, 33–52. London: Earthscan.
Baldock, J.A., and R.J. Smernik. 2002. Chemical composition and
bioavailability of thermally altered Pinus resinosa (red pine)
wood. Organic Geochemistry 33: 1093–1109.
Bourke, J., M. Manley-Harris, C. Fushimi, K. Dowaki, T. Nunoura,
and M.J. Antal Jr. 2007. Do all carbonized charcoals have the
same chemical structure? 2. A model of the chemical structure of
carbonized charcoal. Industrial and Engineering Chemistry
Research 46: 5954–5967.
Bruun, S., S.L. Harmer, G. Bekiaris, W. Christel, L. Zuin, Y. Hu, L.S.
Jensen, and E. Lobi. 2017. The effect of different pyrolysis
temperatures on the speciation and availability in soil of P in
biochar produced from the solid fraction of manure. Chemo-
sphere 169: 377–386.
Chan, K.Y., and Z. Xu. 2009. Biochar: Nutrient properties and their
enhancement. In Biochar for Environmental Management:
Science and Technology, ed. J. Lehmann, and S. Joseph,
67–84. London: Earthscan.
Degenstein, J.C., P. Murria, M. Easton, H. Sheng, M. Hurt, A.R. Dow,
J. Gao, J.J. Nash, et al. 2015. Fast pyrolysis of 13C-labeled
cellobioses: Gaining insights into the mechanisms of fast
pyrolysis of carbohydrates. Journal of Organic Chemistry 80:
1909–1914.
Demirbas, A. 2004. Effects of temperature and particle size on bio-
char yield from pyrolysis of agricultural residues. Journal of
Analytical and Applied Pyrolysis 72: 243–248.
Gao, H., C. Zhou, R. Wang, and X. Li. 2015. Comparison and
evaluation of co-composting corn stalk or rice husk with swine
waste in China. Waste and Biomass Valorization 6: 699–710.
Hesterberg, D., W. Zhou, K.J. Huchison, S. Beauchemin, and D.E.
Sayers. 1999. XAFS study of adsorbed and mineral forms of
phosphate. Journal of Synchrotron Radiation 6: 636–638.
Hesterberg, D. 2010. Macroscale chemical properties and X-ray
absorption spectroscopy of soil phosphorus. In Synchrotron-
Based Techniques in Soils and Sediments. Developments in Soil
Science, 34th ed, ed. B. Singh, and M. Grafe, 1–480. Amster-
dam: Elsevier.
Hossain, M.K., V. Strezov, K.Y. Chan, A. Ziolkowski, and P.F.
Nelson. 2011. Influence of pyrolysis temperature on production
and nutrient properties of wastewater sludge biochar. Journal of
Environmental Management 92: 223–228.
Hu, Y.F., I. Coulthard, D. Chevrier, G. Wright, R. Igarashi, A.
Sitnikov, B.W. Yates, E.L. Hallin, et al. 2010. Preliminary
commissioning and performance of the soft X-ray micro-
characterization beamline at the Canadian Light Source. AIP
Conference Proceedings 1234: 343–346.
S80 Ambio 2018, 47(Suppl. 1):S73–S82
123
 The Author(s) 2018. This article is an open access publication
www.kva.se/en
Huang, R., and Y. Tang. 2015. Speciation dynamics of phosphorus
during (hydro)thermal treatments of sewage sludge. Environ-
mental Science and Technology 49: 14466–14474.
Hussain, M., M. Farooq, A. Nawaz, A.M. Al-Sadi, Z.M. Solaiman,
S.S. Alghamdi, U. Ammara, Y.S. Ok, et al. 2016. Biochar for
crop production: Potential benefits and risks. Journal of Soils
and Sediments. https://doi.org/10.1007/s11368-016-1360-2.
Ingall, E.D., J.A. Brandes, J.M. Diaz, M.D. De Jonge, D. Paterson, I.
McNulty, W.C. Elliott, and P. Northrup. 2011. Phosphorus K-
edge XANES spectroscopy of mineral standards. Journal of
Synchrotron Radiation 18: 189–197.
Jarvie, H.P., A.N. Sharpley, D. Flaten, P.J.A. Kleinman, A. Jenkins,
and T. Simmons. 2015. The pivotal role of phosphorus in a
resilient water-energy-food security nexus. Journal of Environ-
mental Quality 44: 1049–1062.
Keiluweit, M., P.S. Nico, M.G. Johnson, and M. Kleber. 2010.
Dynamic molecular structure of plant biomass-derived black
carbon (biochar). Environmental Science and Technology 44:
1247–1253.
Kruse, J., W. Negassa, N. Appathurai, L. Zuin, and P. Leinweber.
2010. Phosphorus speciation in sequentially extracted agro-
industrial byproducts: Evidence from X-ray absorption near edge
structure spectroscopy. Journal of Environmental Quality 39:
2179–2184.
Le Corre, K.S., E. Valsami-Jones, P. Hobbs, and S.A. Parsons. 2009.
Phosphorus recovery from wastewater by struvite crystallization:
A review. Critical Reviews in Environmental Science and
Technology 39: 433–477.
Leinweber, P. 1996. Phosphorus fractions in soils from an area with
high density of livestock population. Zeitschrift fu¨r Pflanzen-
erna¨hrung und Bodenkunde 159: 251–256.
Lu, H., W. Zhang, S. Wang, L. Zhuang, Y. Yang, and R. Qiu. 2013.
Characterization of sewage sludge-derived biochars from differ-
ent feedstocks and pyrolysis temperatures. Journal of Analytical
and Applied Pyrolysis 102: 137–143.
Mehta, C.M., W.O. Khunjar, V. Nguyen, S. Tait, and D.J. Batstone.
2015. Technologies to recover nutrients from waste streams: A
critical review. Critical Reviews in Environmental Science and
Technology 45: 385–427.
Morales, M.M., N. Comerford, I.A. Guerrini, N.P.S. Falca˜o, and J.B.
Reeves. 2013. Sorption and desorption of phosphate on biochar
and biochar–soil mixtures. Soil Use Manage 29: 306–314.
Negassa, W., J. Kruse, D. Michalik, N. Appathurai, L. Zuin, and P.
Leinweber. 2010. Phosphorus speciation in agro-industrial
byproducts: Sequential fractionation, solution 31P NMR, and P
K-and L2,3-edge XANES spectroscopy. Environmental Science
and Technology 44: 2092–2097.
Oenema, O., W. Chardon, P. Ehlert, K. van Dijk, and O. Schoumans.
2012. Phosphorus fertilizers from by-products and wastes. In
Proceedings 717, International Fertilizer Society. Leek, U.K.
Pan, H., and B.W. Darvell. 2010. Effect of carbonate on hydroxya-
patite solubility. Crystal Growth & Design 10: 845–850.
Peak, D., J.T. Sims, and D.L. Sparks. 2002. Solid-state speciation of
natural and alum-amended poultry litter using XANES spec-
troscopy. Environmental Science and Technology 36:
4253–4261.
Prietzel, J., G. Harrington, W. Ha¨usler, K. Heister, F. Werner, and W.
Klysubum. 2016. Reference spectra of important adsorbed
organic and inorganic phosphate binding form for soil P
speciation using synchrotron-based K-edge XANES spec-
troscopy. Journal of Synchrotron Radiation 23: 532–544.
Ravel, B., and M. Newville. 2005. ATHENA and ARTEMIS:
Interactive graphical data analysis using IFEFFIT. Physica
Scripta T115: 1007–1010.
Schroder, J. 2005. Revisiting the agronomic benefits of manure: A
correct assessment and exploitation of its fertilizer value spares
the environment. Bioresource Technology 6: 253–261.
Shaltout, A.A., M.A. Allam, and M.A. Moharram. 2011. FTIR
spectroscopic, thermal and XRD characterization of hydroxya-
patite from new natural sources. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 83: 56–60.
Shober, A.L., D.L. Hesterberg, J.T. Sims, and S. Gardner. 2006.
Characterization of phosphorus species in biosolids and manures
using XANES spectroscopy. Journal of Environmental Quality
35: 1983–1993.
Toor, G.S., S. Hunger, J.D. Peak, J.T. Sims, and D.L. Sparks. 2006.
Advances in the characterization of phosphorus in organic
wastes: Environmental and agronomic applications. Advances in
Agronomy 89: 1–72.
Uchimiya, M. 2014. Changes in nutrient content and availability
during the slow pyrolysis of animal wastes. In Applied manure
and nutrient chemistry for sustainable agriculture and environ-
ment, ed. Z. He, and H. Zhang, 53–68. New York: Springer.
Uchimiya, M., and S. Hiradate. 2014. Pyrolysis temperature-depen-
dent changes in dissolved phosphorus speciation of plant and
manure biochars. Journal of Agricultural and Food Chemistry
62: 1802–1809.
Verheijen, F., S. Jeffery, A.C. Bastos, M. van der Velde, and I. Diafas.
2010. Biochar application to soils. A critical scientific review of
effects on soil properties, processes, and functions. Luxembourg:
Office for the Official Publications of the European
Communities.
Wang, T., M. Camps-Arbestain, M. Hedley, and P. Bishop. 2012.
Predicting phosphorus bioavailability from high-ash biochars.
Plant and Soil 357: 173–187.
Wang, T., M. Camps-Arbestain, and M. Hedley. 2014. The fate of
phosphorus of ash-rich biochars in a soil-plant system. Plant and
Soil 375: 61–74.
Weiner, S., and P.M. Dove. 2003. An overview of biomineralization
processes and the problem of the vital effect. Reviews in
Mineralogy and Geochemistry. https://doi.org/10.2113/0540001.
Withers, P.J.A., K.C. van Dijk, T.S.S. Neset, T. Nesme, O. Oenema,
G.H. Rubaek, O.F. Schoumans, B. Smit, et al. 2015. Stewardship
to tackle global phosphorus inefficiency: The case of Europe.
Ambio 44: 193–206.
Zhang, Q., H. Liu, W. Li, J. Xu, and Q. Liang. 2012. Behaviour of
phosphorus during co-gasification of sewage sludge and coal.
Energy & Fuels 26: 2830–2836.
Zheng, H., Z. Wang, X. Deng, J. Zhao, Y. Luo, J. Novak, S. Herbert,
and B. Xing. 2013. Characteristics and nutrient values of
biochars produced from giant reed at different temperatures.
Bioresource Technology 130: 463–471.
Zwetsloot, M.J., J. Lehmann, and D. Solomon. 2014. Recycling
slaughterhouse waste into fertilizer: How do pyrolysis temper-
ature and biomass additions affect phosphorus availability and
chemistry? Journal of the Science of Food and Agriculture 95:
281–288.
AUTHOR BIOGRAPHIES
James Stephen Robinson (&) is an Associate Professor at the
University of Reading. His research interests include soil and water
biogeochemistry, and agricultural waste management.
Address: Department of Geography and Environmental Science,
University of Reading, Reading RG6 6AB, UK.
e-mail: j.s.robinson@reading.ac.uk
Ambio 2018, 47(Suppl. 1):S73–S82 S81
 The Author(s) 2018. This article is an open access publication
www.kva.se/en 123
Karen Baumann is a Senior Researcher in Soil Science, University
of Rostock. Her research interests include biological soil crusts and
their role in biogeochemical cycling.
Address: Soil Science, Faculty for Agricultural and Environmental
Sciences, University of Rostock, Justus-von-Liebig Weg 6, 18059
Rostock, Germany.
e-mail: karen.baumann@uni-rostock.de
Yongfeng Hu is a Senior Staff Scientist at the Canadian Light Source.
His research interests are instrumentations in synchrotron radiation-
based techniques and their applications in material and environmental
sciences.
Address: Canadian Light Source, Inc., University of Saskatchewan,
44 Innovation Boulevard, Saskatoon, SK S7N 2V3, Canada.
e-mail: Yongfeng.Hu@lightsource.ca
Philipp Hagemann is an engineer whose business specialises in
materials technology; he currently applies his expertise to the
development and upscaling of technical pyrolysis equipment.
Address: M.E.E. GmbH, Werkstraße 206, 19061 Schwerin, Germany.
e-mail: p.hagemann@m-e-e.biz
Lutz Kebelmann has expertise related to inorganic and organic
analytics as well as electronic and scientific tool building. He is a
freelance engineer in the field of scientific instrumentation and
industrial facilities.
Address: M.E.E. GmbH, Werkstraße 206, 19061 Schwerin, Germany.
e-mail: L.Kebelmann@hotmail.de
Peter Leinweber is a Professor of Soil Science at the University of
Rostock. His research interests include soil chemistry with some
specialisation in soil organic matter, nutrient cycling in soil and the
fate of contaminants in soil and the soil–water interface.
Address: Soil Science, Faculty for Agricultural and Environmental
Sciences, University of Rostock, Justus-von-Liebig Weg 6, 18059
Rostock, Germany.
e-mail: peter.leinweber@uni-rostock.de
S82 Ambio 2018, 47(Suppl. 1):S73–S82
123
 The Author(s) 2018. This article is an open access publication
www.kva.se/en
